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ABSTRACT:	Cation	exchange	reactions	modify	the	composition	of	a	nanocrystal	while	retaining	other	features,	including	crystal	
structure	and	morphology.	In	many	cases,	the	anion	sublattice	is	considered	to	be	locked	in	place	as	cations	rapidly	shuttle	in	and	
out.	Here,	we	show	evidence	that	the	anion	sublattice	can	shift	significantly	during	nanocrystal	cation	exchange	reactions.	When	the	
Cu+	cations	of	roxbyite	Cu1.8S	nanorods	exchange	with	Zn2+	to	form	ZnS	nanorods,	a	high	density	of	stacking	faults	emerge.	During	
cation	exchange,	the	stacking	sequence	of	the	close-packed	anion	sublattice	shifts	at	many	locations	to	generate	a	nanorod	product	
containing	a	mixture	of	wurtzite,	zincblende,	and	a	wurtzite/zincblende	polytype	that	contains	an	ordered	arrangement	of	stacking	
faults.	Reagent	concentration	and	reaction	temperature,	which	control	the	cation	exchange	rate,	serve	as	synthetic	levers	that	can	
tune	the	stacking	fault	density	from	high	to	low,	which	is	important	because	once	introduced,	the	stacking	faults	could	not	be	modi-
fied	through	thermal	annealing.	This	 level	of	synthetic	control	 through	nanocrystal	cation	exchange	is	 important	 for	controlling	
properties	that	depend	on	the	presence	and	density	of	stacking	faults.	

Cation	exchange	reactions	are	increasingly	used	to	synthe-
size	colloidal	nanoparticles	having	otherwise	inaccessible	fea-
tures	and	complexity	that	is	unmatched	by	other	mainstream	
methods	that	are	high-yield	and	scalable.1-5	In	these	reactions,	
the	highly	mobile	cations	in	a	parent	nanoparticle	are	replaced	
with	guest	cations	from	solution.	The	anion	sublattice	is	often	
preserved	during	these	reactions.2,6	This	crystal	structure	re-
tention	is	a	prerequisite	to	accessing	metastable	crystal	struc-
tures	and	achieving	complex	heterostructuring.2-5,7-8	For	exam-
ple,	roxbyite	copper	sulfide	(Cu1.8S)	has	a	distorted	hexagonal	
close	packed	(hcp)	anion	sublattice,	and	replacing	the	Cu+	cati-
ons	in	roxbyite	nanospheres	with	Zn2+	produces	wurtzite	ZnS,	
which	also	has	an	hcp	anion	 sublattice.7,9	The	assumption	 is	
that	the	anion	sublattice	is	rigid	on	the	timescale	of	cation	dif-
fusion.	This	rigidity	allows	the	cations	to	be	replaced	while	the	
anion	 sublattice	 remains	 unchanged,	 although	 hints	 that	 the	
anion	 sublattice	 may	 be	 more	 dynamic	 are	 beginning	 to	
emerge.8,10-14	

Here,	we	show	evidence	that	the	close-packed	planes	can	slip	
and	 significantly	 rearrange	 their	 stacking	 sequences	 during	
complete	exchange	of	the	Cu+	cations	in	roxbyite	Cu1.8S	nano-
rods	with	Zn2+	to	form	ZnS.	This	behavior	produces	a	high	den-
sity	of	periodic	stacking	faults	that	bridge	wurtzite,	which	has	
an	hcp	anion	sublattice,	and	zincblende,	which	has	a	cubic	close	
packed	(ccp)	anion	sublattice.	Wurtzite	and	zincblende	differ	in	
the	vertical	stacking	of	 their	close-packed	planes	–	ABAB	for	
wurtzite	and	ABCABC	for	zincblende.	Stacking	faults	 in	these	
polymorphic	 systems	 made	 through	 direct	 growth	 are	 well	
known,	as	there	is	little	energetic	difference	between	deposi-
tion	of	ABC	vs	ABA	layer	sequences.15-19	While	a	few	stacking	
faults	have	been	observed	during	some	cation	exchange	reac-
tions9,10,20,	the	emergence	of	a	high-density	of	stacking	faults	is	
unexpected,	 since	 the	 stacking	 sequence	 of	 the	 close-packed	

planes	is	already	locked	in	place	through	the	structure	of	the	
copper	 sulfide	 precursor.	 The	 post-synthetic	 introduction	 of	
stacking	faults	would	require	many	local	anion	

	
Figure	1.	A)	Experimental	XRD	pattern	(top)	for	ZnS	nanorods	and	
simulated	patterns	for	zincblende	(middle)	and	wurtzite	(bottom)	
ZnS.	Expanded	regions	highlight	key	discrepancies	between	the	ex-
perimental	pattern	and	wurtzite	ZnS,	including	the	broad	peaks	at	
(B)	29	º2q	and	(C)	50.5	and	53	º2q	(red	arrows).	
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Figure	2.	 TEM	and	HRTEM	 images	of	 (A)	Cu1.8S	precursor	and	 (B)	ZnS	product	nanorods.	 (C)	Crystallographic	model	of	 stacking	 faults	
resulting	from	hcp	wurtzite	(wz)	layers	transitioning	to	ccp	zincblende	(zb).	
	
sublattice	rearrangements.	Because	stacking	faults	can	influ-
ence	 properties,	 understanding	 how	 they	 form	and	 can	 be	
controlled	is	important.21-24	
To	synthesize	ZnS	nanorods,	an	exchange	solution	of	ZnCl2	

in	benzyl	ether,	oleylamine,	and	octadecene	was	rapidly	 in-
jected	into	a	suspension	of	roxbyite	Cu1.8S	nanorods	(Figure	
S1)	in	the	same	solvents	at	120	ºC;	experimental	details	are	
in	the	Supporting	Information.	Complete	exchange	of	Cu+	for	
Zn2+	(Figure	S2-3)	occurred	almost	immediately,	based	on	the	
rapid	 color	 change	 from	brown	 to	white.25	Figure	1	 shows	
XRD	 data	 for	 the	 ZnS	 nanorods.	While	 the	 peak	 positions	
match	well	with	those	for	wurtzite	ZnS,	which	is	the	expected	
Zn2+	exchange	product	of	roxbyite	due	to	hcp	sublattice	re-
tention,7	 there	 are	 three	 notable	 discrepancies.	 First,	 the	
wurtzite	peaks	that	overlap	with	zincblende	peaks	have	sig-
nificantly	higher	 intensities	than	the	wurtzite	pattern	alone	
would	predict.	Second,	the	relative	 intensities	of	 the	<101>	
family	of	planes	are	 lower	 than	expected.	Third,	 the	 signal	
does	not	return	to	the	expected	background	levels	at	several	
places,	including	between	the	wurtzite	(002)	and	(101)	peaks	
and	on	either	side	of	the	wurtzite	(103)	peak.	
TEM	 images	 of	 the	 roxbyite	 nanorods	 (Figure	 2A)	 show	

that	 they	 are	 single	 crystalline	 with	 uniform	 contrast	
throughout.	 The	 ZnS	 nanorods,	 however,	 exhibit	 high-con-
trast	 stripes	 along	 the	 nanorod	 lengths	 (Figure	 2B).	 Such	
stripes	are	often	the	result	of	strain,	which	can	occur	at	the	
interface	between	two	phases.	This	is	common	for	wurtzite	
and	 zincblende,	 and	 is	 typically	 diagnostic	 of	 stacking	
faults.26-27	 The	HRTEM	 images	 in	 Figures	 2B	 and	 S4	 show	
both	wurtzite	and	zincblende	regions,	based	on	the	measured	
d-spacings	 and	 analysis	 of	 the	 stacking	 sequences	 of	 the	
close-packed	 planes,	 and	 confirm	 the	 presence	 of	 stacking	
faults,	which	are	not	present	in	the	Cu1.8S	precursor.	A	depic-
tion	of	the	local	structure,	showing	the	stacking	faults	created	
from	various	alternating	regions	of	wurtzite	and	zincblende,	
is	shown	in	Figure	2C.	
Upon	confirming	the	presence	of	stacking	faults,	we	used	

DIFFaX28	 to	 construct	 a	 simulated	XRD	 pattern	 based	 on	a	
wurtzite	ZnS	structural	model	that	contained	various	combi-
nations	of	 stacking	 faults	(Table	S1).	A	model	 consisting	of	
hcp	 (wurtzite)	 ZnS	 with	 25%	 randomly	 occurring	 ccp	

(zincblende)	close-packed	planes	(Figure	3A)	accounted	for	
the	peak	broadening	and	the	suppression	of	<101>	peaks	ob-
served	in	 the	experimental	XRD	pattern,	but	not	 the	broad	
peaks	near	29,	50.5,	 and	53	 º2q.	 Further	analysis	 revealed	
that	the	broad	peak	at	29	º2q,	as	well	as	tailing	of	the	wurtzite	
(100)	peak	at	27	º2q,	was	captured	by	a	ZnS	polytype	(Figure	
3A).	 Polytypes	 have	 an	 ordered,	 periodic	 arrangement	 of	
stacking	faults.	Approximately	200	unique	ZnS	polytypes	are	
known,	and	it	is	difficult	to	unambiguously	assign	our	data	to	
one	of	these,	since	they	are	closely	related.	However,	certain	
polytypes	occur	more	frequently	than	others,	and	most	ZnS	
polytypes	can	be	classified	into	one	of	three	space	groups	and	
differ	only	subtly	in	their	stacking	sequences;	their	XRD	pat-
terns	therefore	appear	similar.29-30	The	polytype	associated	
with	PDF	 card	 04-009-3285	 (Figure	 3B)	matches	well	 and	
was	incorporated	into	the	structural	model	to	improve	the	fit	
with	the	experimental	XRD	data.31	
Figure	3A	shows	a	simulated	XRD	pattern	for	a	model	that	

includes	 a	 three-phase	mixture:	 67%	 is	 the	 previously	 de-
scribed	DIFFaX	structure	containing	wurtzite	ZnS	with	25%	
random	zincblende	stacking	faults,	26%	is	the	ZnS	polytype	
(PDF	 card	 04-009-3285),	 and	 7%	 is	 pure	wurtzite	 ZnS,	 as	
TEM	images	consistently	show	regions	of	pure	wurtzite	ZnS	
at	the	nanorod	tips.	We	speculate	that	the	tips	remain	free	of	
stacking	faults	because	of	their	higher	surface	area,	as	wurtz-
ite	is	the	favored	polymorph	at	smaller	sizes	based	on	surface	
energetics.16,32	It	is	also	possible	that	the	tips,	which	are	thin-
ner	than	the	body	of	the	nanorod,	allow	any	stacking	faults	to	
slip	so	that	they	re-form	the	preferred	wurtzite	phase.15,29	As	
can	be	seen	in	the	HRTEM	images	in	Figure	3C	and	S5,	ran-
dom	stacking	faults,	regions	of	ordered	stacking	faults,	and	
pure	wurtzite	tips	are	observed,	which	matches	the	DIFFaX	
model	and	XRD	data.	Additionally,	the	model	includes	0.5%	
strain	broadening	 to	account	 for	broadening	 caused	by	 the	
high	density	of	planar	defects	at	the	nanoscale.27	
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Figure	3.	(A)	Experimental	XRD	pattern	of	ZnS	nanorods	(repro-
duced	from	Figure	1)	 compared	with	the	simulated	pattern	for	
the	three-phase	mixture.	Patterns	corresponding	to	the	individ-
ual	components	of	the	three-phase	mixture	(wurtzite,	polytype	
PDF	04-009-3285,	and	DIFFAX	model)	are	also	shown.	(B)	Unit	
cell	of	polytype	PDF	04-009-3285	indicating	stacking	sequence.	
(C)	 False-colored	HRTEM	 image	 of	 a	 ZnS	 nanorod	 highlighting	
wurtzite	(blue)	and	zincblende	(orange)	regions.		
	
The	three-phase	model	accounts	for	all	observed	features	

in	the	experimental	XRD	pattern.	It	supports	the	presence	of	
stacking	faults	in	the	bulk	of	the	sample	and	the	formation	of	
a	complex	ZnS	polytype,	which	has	not	been	observed	previ-
ously	during	nanoparticle	cation	exchange	reactions.	To	help	
rationalize	how	a	high	density	of	stacking	faults	emerges,	we	
consider	unique	aspects	of	the	roxbyite	crystal	structure	that	
likely	 contribute.	 Roxbyite	 contains	 a	 distorted	 hcp	 anion	
sublattice,33	while	wurtzite	has	an	hcp	sublattice	without	dis-
tortion	(Figure	S6).	To	transform	from	distorted	to	regular	
hcp	during	cation	exchange,	many	of	the	anions	have	to	shift	
positions	slightly,	concomitantly	with	the	migration	and	re-
placement	of	cations	in	the	structure.	The	most	likely	diffu-
sion	channels	where	Zn2+	would	enter	the	Cu1.8S	nanorods	are	
along	the	sides	of	the	nanorods,	as	these	are	where	the	cation	
vacancies	are	located.4,34	Rapid	diffusion	and	cation	exchange	
will	result	in	anions	shifting	positions,	transforming	from	dis-
torted	hcp	to	regular	hcp.	We	postulate	that	during	this	trans-
formation,	the	planes	can	slip	slightly	to	form	stacking	faults.	
Residual	Cu+	is	near	background	levels	and	not	concentrated	
at	stacking	faults	(Figure	S3),	suggesting	that	it	does	not	con-
tribute	significantly	to	stacking	fault	formation.		
The	formation	of	stacking	faults	by	cation	exchange	is	in-

herently	interesting,	but	it	is	also	important	for	future	efforts	
to	control	properties,	as	stacking	faults	can	cause	red	shifting	
of	 cathodoluminescence	 emission23,35	 lead	 to	 shifting	 of	

photoluminescence	emission	peaks.22	We	therefore	sought	to	
synthetically	tune	the	density	of	stacking	faults	so	that	they	
could	be	minimized.	Building	off	of	our	proposed	pathway	for	
how	stacking	faults	emerge,	we	focused	on	slowing	the	rate	
of	cation	exchange	by	decreasing	the	rate	at	which	ZnCl2	was	
added	and	decreasing	the	temperature.	These	modifications	
would	also	decrease	the	ability	of	the	close-packed	planes	to	
slip,	as	the	disruption	to	the	structure	through	cation	migra-
tion	and	thermal	motion	would	be	decreased.	

Figure	4.	XRD	patterns	of	ZnS	nanorods	formed	from	rapid	ZnCl2	
injection	(reproduced	from	Figure	1)	compared	to	dropwise	over	
1	h	and	2	h.	A	simulated	pattern	for	wurtzite	ZnS	with	30%	pre-
ferred	orientation	along	[001]	is	shown	for	comparison.36	
	
Keeping	the	temperature	and	overall	amount	of	ZnCl2	con-

stant,	we	slowly	injected	the	ZnCl2	exchange	solution	using	a	
syringe	pump,	rather	than	rapid	injection	as	was	used	previ-
ously	 (Figure	 4).	 Adding	 the	 ZnCl2	 dropwise	 over	 1	 h	 de-
creased	the	intensity	of	the	peak	at	29	º2q,	which	is	charac-
teristic	of	the	ZnS	polytype.	Adding	the	ZnCl2	even	slower	–	
dropwise	over	2	h	–	further	decreased	the	intensity	of	the	pol-
ytype	peak.	However,	the	relative	ratios	of	the	wurtzite	100	
and	101	peaks	remain	unchanged	and	the	<101>	peaks	re-
main	suppressed.	Decreasing	the	rate	of	exchange	through	re-
agent	 injection	 prevents	 the	 stacking	 faults	 from	 ordering,	
and	therefore	the	polytype	from	forming,	but	it	does	not	sig-
nificantly	decrease	the	overall	density	of	stacking	faults	based	
on	TEM	(Figure	S7)	and	XRD	data,	as	features	related	to	the	
presence	of	stacking	faults	still	remain.	However,	by	keeping	
the	rapid	injection	but	decreasing	the	temperature	from	120	
ºC	to	80	ºC,	the	stacking	fault	density	did	appear	to	decrease	
significantly,	based	on	the	XRD	pattern	in	Figure	5.	The	peak	
at	29	º2q	that	is	characteristic	of	the	ordered	polytype	is	no	
longer	observed	and	 the	 intensities	of	 the	peaks	 shared	by	
both	wurtzite	and	zincblende	decrease	in	intensity,	becoming	
more	in	line	with	that	expected	for	wurtzite.	The	accompany-
ing	HRTEM	images	in	Figures	5	and	S8	microscopically	vali-
date	the	bulk	XRD	data.	The	higher-temperature	sample	has	
a	higher	stacking	fault	density	and	evidence	of	ordered	poly-
type	 formation,	while	 the	 lower-temperature	 sample	has	a	
much	lower	stacking	fault	density	and	no	evidence	of	an	or-
dered	polytype.	Zn2+	exchange	at	 temperatures	higher	than	
120	°C	showed	no	notable	changes	(Figure	S9).	Interestingly,	
annealing	the	ZnS	nanorods	having	a	high	stacking	fault	den-
sity	in	an	evacuated,	sealed	ampoule	for	5	h	at	750	ºC	does	
not	appear	to	modify	them.	The	stacking	faults	persist,	based	
on	TEM	and	XRD	data	(Figure	S10),	and	therefore	are	locked	
in	place	once	formed.	
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Figure	5.	(A)	XRD	patterns	of	ZnS	nanorods	synthesized	by	cat-
ion	exchange	at	120	ºC	(reproduced	from	Figure	1)	and	80	ºC.	A	
simulated	pattern	for	wurtzite	ZnS	is	shown	for	comparison.	Ex-
panded	regions	(B,	C)	highlight	key	differences	between	samples.	
False-colored	 HRTEM	 images	 showing	 wurtzite	 (blue)	 and	
zincblende	(orange)	regions	are	shown	for	the	exchanges	at	(D)	
120	°C	(reproduced	from	Figure	3C	for	comparison)	and	(E)	80	
°C.	
	
The	observation	that	a	high	density	of	stacking	faults	forms	

during	cation	exchange,	a	common	post-synthetic	modifica-
tion	pathway	for	nanoparticles,	 is	an	 important	addition	to	
our	knowledge	of	how	these	reactions	occur.	Such	behavior	
suggests	that	the	anion	sublattice	is	more	dynamic	than	pre-
viously	 recognized,	 and	 most	 significantly,	 that	 the	 close-
packed	 planes	 are	 capable	 of	 slipping	 locally,	 including	 in	
ways	that	result	 in	the	formation	of	complex	ordered	poly-
types.	As	demonstrated	here,	the	ability	to	synthetically	tune	
stacking	fault	density	 is	also	 important.	Their	presence	can	
impact	properties	–	sometimes	detrimentally,	as	in	photolu-
minescence,22	 and	 sometimes	advantageously,	 as	 in	 cataly-
sis37	–	and	modifying	them	once	they	form	by	cation	exchange	
has	not	been	successful.	
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